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Abstract: Balancing water supply demand is vital for sustaining livelihoods. Spatial mapping and
calculating water yield dynamics due to land use changes over decades are needed to manage land
resources and formulate ecological protection policies. This study mapped the supply, demand,
and matching status of water product service using the Integrated Valuation of Ecosystem Service
and Tradeoff (InVEST) biophysical models in the Citarum Watershed (CW) in 2000, 2010, and 2020.
Moreover, this study used Exploratory Spatial Data Analysis (ESDA) and Geographic Information
System (GIS) techniques to study the agglomeration characteristics and evolutionary trajectories
of supply–demand over two decades. The results showed that between 2000–2010 and 2010–2020,
the water supply decreased by 19.01 × 108 m3 (18.28%) and 12.97 × 108 m3 (15.27%), respectively.
However, the water demand in the same period increased by 6.17× 108 m3 (23%) and 15.74 × 108 m3

(47%), respectively. Over the decades, the contribution of land use land cover (LULC) changes to
variations in water supply has yielded values ranging from 2.87% to 6.37%. The analysis of the
water supply–demand imbalance indicated that the entire CW experienced water shortage, and the
type of spatial matching for supply and demand is dominated by a high supply and high demand
class (16.09% of the total area). Based on the level of water deficit calculation, the upstream and
downstream areas were identified as zones that require ecological conservation, while the middle
CW area requires ecological restoration or ecological improvement.

Keywords: water yield; InVEST model; water supply; water demand; LULC change

1. Introduction

Water scarcity and groundwater depletion are severe problems in many countries,
including Indonesia [1,2], especially north and south of West Java Province [3,4]. Population
growth is one factor that directly affects the increase in water consumption and indirectly
for the increase in food production and consumption. Recent advances in economic
growth, accelerating urban expansion, substantial population increases, and the impacts
of climate change have been found to cause a net mass loss of water balance systems
in specific locations. The imbalance of water supply demand is due to an increase in
water consumption, while the volume of water per capita has consistently decreased [5,6].
According to [7], the rapid increase in population growth and the rapid development of
human society have led to an imbalance between the supply and demand for food, leading
to a significant effect on land use change, particularly the growth of agricultural land.
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The water supply (WS) and water demand (WD) imbalance will affect regional ecosys-
tems and sustainable socioeconomic development [8]. The ratio of WS to WD provides
a valuable index for geographic assessment of water value and the health of ecosystems,
thereby revealing the essential locations to conserve water yield. Determining whether re-
gions have WD that are not being fully satisfied requires a spatial assessment of supply and
demand [9]. The greatest imbalance between supply and demand was found in domestic
use, while the minimum was in the industry sector [10].

One of the reasons why the water imbalance occurred is the LULC changes in the CW,
which increased the surface runoff coefficient [11] due to the growth in the area of built-up
land and plantations in the upstream CW. This ultimately has the potential to increase
flooding occurrences, as well as lower water infiltration [8], which has a negative impact
on land degradation [12].

On the other hand, water resource management must assess the impact of LULC
change on hydrology. The increase in the area defined by each class of LULC is not ne-
cessarily linear to the observed flow, and LULC classes with widely disparate characteristics
may exhibit similar flow responses. In contrast, classes of similar characteristics could have
dissimilar impacts on flows within a sub-basin. To put it another way, the hydrolo-gical
processes are too complex to simplify at the subbasin level [13].

One of the watersheds that is a priority for the government of Indonesia to accelerate
pollution and damage control is the CW, a crucial source of water for Bandung and Jakarta.
The ecosystem services provided by the CW are essential for comprehending hydrological
conditions through estimating factors influencing water production. They are also a critical
asset for urban and industrial growth, along with economic growth, agriculture, fisheries,
and hydroelectric power generation of West Java Province and Jakarta City [14]; the total
WD in the Citarum region was 52.20 × 108 m3/year in 2000 [15].

To monitor and evaluate water resources, extensive research is needed. Recent re-
search has examined water resources originating from watersheds. Several studies have
investigated the influence of changes in water yield (WY) on watersheds at the local scale
in Indonesia that do not yet incorporate water demand (WD). However, most studies have
not spatially considered the relationship between WS and WD [16].

On the other hand, analyzing the watershed is also necessary to increase the location
precision. One of the tools is Exploratory Spatial Data Analysis (ESDA), a set of several
spatial data analysis methods used to define and represent the spatial distribution of
information, which can explain spatial discrepancies in data and reveal the mechanisms
underlying spatial relationships between events [17]. ESDA allows the description and
display of spatial distributions, the detection of unusual places or spatial outliers, and the
discovery of spatial patterns. Thus, ESDA can aid in developing a hypothesis for spatial
regimes or other types of spatial heterogeneities [18]. ESDA was initially only applied in
the economic and social sciences [18,19], but in its development, ESDA has been widely
used in several other fields such as geography, environmental science [20,21] and water
resources [6,22].

One of the methods for monitoring and evaluating WY is using the Integrated Valua-
tion of Ecosystem Service and Tradeoff (InVEST) Model. The InVEST model is extensively
used and has been demonstrated to be particularly helpful for establishing ecosystem
services, such as WY [17], in numerous river basin areas, among others, in the China
watershed [23] and also in several locations in Indonesia [24–26].

Many studies in various regions of the world, including Indonesia, have examined
WS changes in watersheds that only consider the aspect of WS and do not involve WD.
However, only a few investigations have been carried out that also pay attention to aspects
of WS and WD and their relationship. Therefore, this study focuses on filling the gap in
the availability of a WS model that considers the WS and WD aspects. The main objectives
of this study are to (1) evaluate the spatial-temporal changes in the WY period 2000 to
2020 and its relationship to LULC change; (2) analyze the status of water scarcity based on
spatial and temporal in the CW; and (3) examine the spatial characteristics of supply and
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demand of WY service. This study is expected to enrich the sustainable understanding of
LULC and watershed management.

2. Materials and Methods
2.1. Overview of the Study Area

The research was conducted in the CW area, which divides into three sub-watersheds
(Downstream Citarum Watershed (Downstream CW), Middle Citarum Watershed (Middle
CW), and Upstream Citarum Watershed (Upstream CW)) (Figure 1).
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Figure 1. Location and topography of CW in West Java, Indonesia.

The CW covers an 11,317 km2 area located in West Java Province that encompasses
13 regencies and is situated between 106◦51′36′ ′–107◦51′ E and 7◦19′–6◦24′ S. CW’s climate
is characterized by at least three dry months with an average rainfall of 2358 mm. The
Citarum River is crossed by three main dams: Saguling, Cirata, and Jatiluhur as storage
dams for electricity, agriculture, and freshwater for society living in several regencies in
West Java [27].

Morphological conditions are present in various landscapes ranging from volcanic
edifices to hillsides. Furthermore, the mountains upstream of the Citarum tributary range in
elevation from 750 to 2300 m above sea level, with slopes ranging from 5 to 15% at the foot,
15 to 30% at the mountain slope, and 30 to 90% at the peak, whereas the plains upstream
are morphologically in the form of volcanic edifices with mild relief characteristics [27,28].

2.2. Data Sources and Processing

For data processing, we used the ArcGIS ver. 10.3 software, Integrated Valuation of
Ecosystem Service and Tradeoff (InVEST) Model, GeoDa, and R Studio [18,29,30].

InVEST is a spatially explicit tool for exploring how changes in ecosystems tend to
lead to changes in benefits to people. GeoDa is an open-source and cross-platform desktop
software program for spatial data analysis. It is not a geographic information system, but it
can be used for the visualization and exploration of geospatial data [18,31].

The input data were converted from vector data into raster data format with 30 m
spatial resolution and the WGS84 datum was referred to as input for InVEST. The source of
remote sensing data and a series of secondary data are listed in Table 1.
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Table 1. The data set used in this research.

Type of Dataset Data Sources Processing Data Format

LULC maps (2000, 2010) Ministry of Environment
and Forestry Converting polygon to raster Raster data with a spatial

resolution of 30 m

LULC maps 2020

US Geological Survey,
http://www.usgs.govUSGSpath/

row122-121/64 (accessed on
17 March 2022)

Supervised Classification Raster data with a spatial
resolution of 30 m

Rainfall and temperature

The National Bureau of
Meteorology, Climatology, and
Geophysics; Citarum Ciliwung

River Basin Center; PT. Jasa Tirta II

Numerical/Table Data, with
location coordinates; a spline

interpolation technique

Raster data with a spatial
resolution of 30 m

Evapotranspiration map
WorldClim https://worldclim.org/

data/index.html (accessed on
17 March 2022)

a spline interpolation technique Raster data with a spatial
resolution of 30 m

Soil type data: soil texture,
organic matter content, and

effective rooting depth

Citarum Ciliwung River
Basin Center

Extraction and resampling,
conversion from polygon to raster

Raster data with a spatial
resolution of 30 m

Watershed boundaries Citarum Ciliwung River
Basin Center

Digital watershed: extraction
from DEM Vector, CSV

In this study, the data source comes from secondary data sources. The data used
include watershed and sub-watershed boundaries, rainfall (mm), LULC maps, soil depth
(mm), average yearly evapotranspiration potential (mm), and plant available water content
(PAWC) percentage. All of the input data can be explained as follows:

LULC. Ministry of Environment and Forestry used Landsat as a primary satellite
source to delineate LULC changes from 1996 until 2017. The primary imagery for the LULC
product in 2000 and 2010 was Landsat-7 with 30 m spatial resolution. Furthermore, both
LULC products used the same methodology to create the LULC product with different
periods as follows: (a) extracting satellite images; (b) preprocessing satellite images for
correcting the geometric, atmospheric, saturation, topographic error and SLC-off error;
(c) identification and masking the clouds and shadows; (d) mosaicking the images into sin-
gle clear images; extracting the NDVI values with formula NDVI = (NIR-Red)/(NIR + Red);
and the experts interpreting/digitizing on screen-based of the satellite images and NDVI
values using its local expertise and some baseline surveys. There are 23 classes of the clas-
sification map, including forestry (seven classes), bushes (three classes), agriculture (four
classes), the build-up (three classes), water bodies (four classes), open mines, and clouds.
The accuracy of each LULC product is 91.2% for 2000 and 91.7% for 2010, respectively
(http://pktl.menlhk.go.id/, accessed 30 November 2021). The limitations of LULC for
2000 and 2010 from the Ministry of Environment and Forestry are that the classification
process had high labor costs, and the resolution was still course (<10 m), which may have
underestimated the small patch area, especially in the small agriculture expansion area.

Changes in the forest (woody plants) in Landsat imagery can be easily recognized
when a ten-year period is chosen. All LULC data were classified into 11 categories: virgin
forest, plantation forest, shrub, estate crops plantation, settlement area, bare land, dry
agriculture, paddy field, fishpond, lake, and airport.

In modelling with InVEST, information about LULC and the corresponding code, root
depth, and crop coefficient (Kc) are necessary. The root depth information does not need to
be included for land without vegetation cover [29]. In this research, the vegetated LULC
class is assigned a value of one, while the non-vegetated LULC class (such as water bodies,
buildings, and settlements) is zero.

Rainfall. The statistics on yearly precipitation for the past 18 years come from different
authorities. The National Bureau of Meteorology, Climatology, and Geophysics (BMKG),
PT Jasa Tirta II, and Citarum Ciliwung River Basin Center (CCRB) provided rainfall data
collected from 26 climatological stations (Figure 1).
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Rainfall data analysis is grouped into three periods with the same period length
of ten years. In the first ten years (1990–2000), the average yearly rainfall in the CW
varied from 676 to 3894 mm/year. Moreover, for the following two analysis periods
(2000–2010 and 2010–2020), the average rainfall at the study site is 817–3446 mm/year
and 789–3284 mm/year, respectively. The need for an annual rainfall map in modelling
with InVEST is met by making statistics on the average annual rainfall for each period and
then using a spline interpolation technique. A similar technique is also used to construct
monthly rainfall maps that play a role in calculating the monthly reference.

Evapotranspiration. The extraterrestrial solar energy, minimum and maximum air
temperatures and monthly rainfall are used to compile the annual reference evapotranspi-
ration map. Daily extraterrestrial solar radiation was calculated for each rainfall station and
the results were accumulated to obtain monthly values. The spline interpolation technique
was again applied to prepare the monthly outer space solar radiation map.

The air temperature data collected from local meteorological stations were limited
and incomplete, so it was challenging to analyze changes in air temperature over time.
Therefore, we used Landsat data to compute the temperature data. The materials used
are Landsat 8 OLI/TIRS Path image 122 Row 64–65 Band 10 and Band 11, respectively,
temporally from 2010 to 2018. The study in [32] calculated Land Surface Temperature
(LST) using the Statistical Mono-Window (SMW) for deriving LST climate data records.
The method employs simple linear regression and is based on an empirical relationship
between top-of-atmosphere (TOA) brightness temperatures in a single TIR channel and
LST. We used the Google earth engine (GEE) for land surface geospatial analysis using
Landsat 8 Collection 1 Tier 1 calibrated TOA reflectance data collection. Details on the
computation of Radiance and Reflectance are part of TOA computation [33]. Based on the
Landsat 8 imagery and the ground-based LST, a linear regression model was applied to
validate LST. The validation was conducted using 60 points distributed among the LST in
situ stations.

The soil humus depth and the Plant Available Water Content (PAWC). Based on
soil type data published by Balai Besar Wilayah Sungai Citarum (BBWS Citarum), the
research area has ten soil types: (1) alluvial, (2) latosol, (3) regosol, (4) andosol, (5) lithosol,
sustainability-2063921 (6) grumusol, (7) Mediterranean, (8) Podsolic, (9) gley humus, and
(10) resin. Soil solum depth is compiled based on the land system map. PAWC was
estimated using specific software [34] based on soil type and texture. Default values are
used for other factors in the InVEST model to deal with the scarcity of soil properties data.

Watershed Boundaries. The watershed and its 3 sub-watersheds boundary data are
required as one of the inputs (shapefile) in the InVEST model. Information on the CW and
sub-watershed boundaries was obtained from the Citarum-Ciliwung River Basin Center.
To provide further detail for this study, we changed district boundaries (174 districts) to
sub-watershed boundaries, resulting in 174 sub-watersheds.

Topographic Data and Digital Elevation Model. The data used include a 1:25,000
topographic digital map of Indonesia and an 8 m resolution DEM (Digital Elevation Model).
These data are available openly (open-data) through the Geospatial Information Agency
geoportal [35,36].

Data for WD. Due to limited access to data on industrial water, the demand for water
services is limited to only agricultural water consumption, livestock water, and domestic
water (rural and urban residents). Farm irrigation and cattle in rural areas both rely on
agricultural water. Agricultural, household and ecological water use contribute to the total
demand for water resources. CW population projections for 2000, 2010, and 2020 were
culled from the relevant issues of Indonesia’s Statistical Yearbook [37–39]. Meanwhile, the
standard document from the National Standardization Agency (BSN) provided information
on water resource demand from various sectors [40]. An example of input data used for
WY analysis using InVEST is presented in Figure 2.
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Figure 2. Input data used for WY analysis using InVEST: (a) LULC, (b) annual rainfall, (c) reference
evapotranspiration (ETO), (d) root depth, (e) PAWC and (f) Watershed with sub-districts of WY for
the CW.

2.3. Research Framework

Based on the WS and WD approach, we built a research framework in the CW to
explore the supply–demand relationship and the spatial characteristics of the distribution
of WY services (Figure 3).

1. With the prepared primary spatial data and the WY module from the InVEST model,
the WY service from the Citarum is calculated and evaluated quantitatively (i.e., supply
quantity). The results of model calculations are validated with water results from
Badan Informasi Geospasial (BIG) and the Ministry of Public Works or previous re-
search (Figure 3a). Furthermore, the WS map and WD map (grid data) are summarized
by type of LULC using the zonal statistical tool in GIS software.

2. Water consumption (total WD) in the study area is calculated based on the standard
of domestic WD, livestock and agriculture water use data from Badan Pusat Statistik
(BPS) or Ministry of Public Works and the results of previous studies. In the study of
WD for industry, no calculations were carried out. The calculation results present a
demand model, exploring the spatial and temporal variations in WD in the Citarum
(Figure 3b).

3. Water Scarcity Index (WSI). Based on activities 1 and 2, modelling the supply–demand
balance, calculating the WSI and exploring the water security situation in the CW
(Figure 3c).

4. Analysis of Supply and Demand Characteristics of WY. The relationship between
supply and demand for water services in the area and their spatial distribution

5
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characteristics are obtained through the calculation of the supply–demand ratio and
local Moran’s I, respectively (Figure 3d).
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2.3.1. Spatial Patterns of WS

The InVEST model (https://naturalcapitalproject.stanford.edu/software/InVEST,
accessed on 18 March 2022) was used to calculate the WY of CW. The inputs included
LULC in the CW, annual precipitation, annual evapotranspiration, and a solum depth, with
a result of annual WY. It was calculated using Equation (1) [41,42].

Y(x) =

(
1−

AET(x)

P(x)

)
× P(x) (1)

where Y(x) is the annual precipitation on pixel x and AET(x) is the actual annual evapotran-
spiration for pixel x.

The actual annual evapotranspiration is quite impossible to measure on a broad scale.
AET was calculated using potential evapotranspiration (PET) in the InVEST model. Based
on PET, calculating AET was simple [43], which was calculated by multiplying the reference
evapotranspiration by the crop coefficient for each grid square. The specific equation is as
follows [44]:

AET(x)

P(x)
= 1 +

PET(x)

P(x)
−
[

1 +

(
PET(x)

P(x)

)ω] 1
ω

(2)

1
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ω(x) = Z
AWC(x)

P(x)
+ 1.25 (3)

where ω(x) is calculated based on the plant’s available water content (AWC), the empirical
constant Z, and precipitation [29,45]. Z is an empirical constant ranging from 1 to 30,
reflecting regional hydrogeological characteristics. AWC, or available vegetation water
content, is determined by the effective soil depth and texture. Consult the InVEST 3.2.0
Users Guide and earlier studies for further information [24,29].

2.3.2. Spatial Patterns of WD

WD was calculated in this study using the water consumption of anthropogenic
activities such as agricultural water (Wagr), livestock water (Wliv), and domestic water
(Wdom). The specific equation was listed as follows [9]:

WD = Wagr + Wliv + Wdom (4)

WD =
[
( AreaAgr × WaterAgr

)
+ ( NLiv × WaterLiv ) + (Popu× Dom)] (5)

where Wagr is the agricultural water consumption, which was calculated by multiplying the
area of agricultural lands (AreaAgr) by the average irrigation water per hectare (WaterAgr),
while Wliv refers to the unit virtual water content of the livestock product (livestock water
use), which was calculated by multiplying the number of livestock Nliv by the annual water
consumption per livestcok (WaterLiv). The production of the livestock product is the total
number of significant livestock products consumed in the region. Wdom refers to domestic
water use, which was calculated by multiplying the population (Popu) by the annual water
consumption per resident (Dom). The amount of water used for household in area and
domestic WD were calculated using the formula referring to Indonesia National Standard
Number SNI 19-6728.1-2002 [40]:

Wdom = 365 days ×
( q(u)

100
× P(u)

)
(6)

where, Wdom is WD for domestic water (m3/year), q(u) is water consumption (liter/resident/day)
and P(u) is the total population

The dataset from the Geospatial Information Agency validated the WY resulting
from InVEST [46]. The coefficient of determination (R2), root mean square error (RMSE),
and Pearson correlation coefficient (r) were calculated to validate the model. The actual
observed data and the model were subjected to linear regression analysis. R software was
used for all statistical analyses.

2.3.3. The Imbalance between WS and WD

Water scarcity is defined as a condition where the available water resources fail to
satisfy demand. In this case, there is an imbalance between water supply and water
demand [22]. It is possible to gain insight into the nature of the regional water service
surplus or shortfall by calculating the WY service supply (WS) ratio to the WD. According
to [47], the formula for the computation is as follows:

SDR =
Si
Di

(7)

The acronym SDR denotes the ratio of available water to the water used. Sub-
watershed i has a supply, denoted by Si, and a demand, denoted by Di. When it comes to
water, a surplus occurs when supply is more significant than demand, and a deficit occurs
when demand is more significant than supply.

By tallying up the amount of available water and how much is used, we can obtain
the SDR for the entire CW. One standard dividing line between WS and demand surplus
and the deficit is the point where supply equals demand (demand exceeds supply).
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We utilized mismatches among WS and WD, which could signify conflicts between
supply and demand, measured by the ratio (S:D) of WS (S) to WD (D). The relationship
between WS and WD can also be calculated based on the Water Security Index (WSI) [48,49]
using equation:

WSI = log
Si
Di

(8)

When WSI > 0, the WS exceeds WD (water surplus); when WSI < 0, the WS falls short
of WD (water deficit). According to the WSI value, to emphasize the regional WS and
WD, as well as the characteristics of spatiotemporal variation, the WSI is divided into four
categories: <−0.5, 0.5–0, 0–0.5, and >0.5.

2.3.4. Spatial Characteristics of Supply and Demand of WY Service

Statistical principles, visuals, and charts are utilized in exploratory spatial data analysis
(ESDA) to examine data with a spatial component, discover the spatial distribution pattern
guiding the data, and expose the spatial dependency and heterogeneity [50]. The primary
focus of ESDA is spatial autocorrelation analysis, which examines the relationships between
data collected at several geographical locations for the same variable. The CW’s geographic
variations were determined using spatial autocorrelation coefficients.

Water supply and demand in the CW were analyzed using multivariate Global Moran’s
I to disclose the existence and degree of spatial autocorrelation throughout the study area.
The Global Moran’s I index was adopted to explore the spatial correlations and spatial
supply and demand differences among 174 sub-districts. The calculation formula is as
follows [51]:

Iixy =
n

∑i ∑j wj
×

∑i ∑j wj
(

Di − Di
)(

Si − Si
)√

∑i
(

Di − Di
)2
√

∑j
(
Si − Si

)2
(9)

The spatial weight matrix (Wij) between regions i and j represents the contiguity
between region i and region j. If there is a distinct boundary between the two regions, then
Wij = 1; if not, then Wij = 0 [50].

Di represents the region i water requirement. Dj and Sj are the water sources for region
j. S is the mean value of the water supply and D is the water demand in the sample, and n
is the total number of regions. Iixy is Global Moran’s I between −1 and 1. The value of Iixy
can be divided into three classes as follows:

• Iixy > 0 represents a positive spatial connection between the two variables; a higher
value suggests a stronger spatial correlation.

• Iixy < 0 shows the negative spatial correlation, emphasizing the latter as the
value decreases.

• Iixy = 0 reflects a randomly distributed pattern over space.

The Local indicators of spatial association (LISA) data that consist of local Moran’s I
and local Geary’s c statistics is one of the most commonly used local statistics. While global
spatial autocorrelation reveals an index that shows the extent of the spatial correlation
between all unit areas, a local spatial autocorrelation displays spatial correlation between
one region and its neighbours. This study implements multivariate local Moran’s I to
visualize regions with significant spatial autocorrelation. Local Moran’s I can be described
by using the formula as shown below [18]:

Ixy =
n ∑i ∑j wij

(
Di − Di

)(
S− S

)
∑i ∑j wij ∑j

(
Di − Di

) (10)

The LISA will generate four categories of clusters: (1) a cluster of regions with high–
high values, (2) a cluster of regions with high–low values, (3) a cluster of regions with
low–high rates, and (4) a cluster of regions with low–low rates.
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3. Results
3.1. Spatial Patterns of WS

The total WS of the CW in 2020 which decreased by 31.98 × 108 m3 or approxi-
mately 30.76% (Tables 2 and 3). The total decrease was from 103.98 × 108 m3 in 2000 to
72.00 × 108 m3 in 2020. The WS of the CW displayed a significant spatial variation in the
same year, with the unit WS of the middle stream > upstream > downstream.

Table 2. WS in the CW in 2000, 2010, and 2020.

Watershed Area 2000 2010 2020
(ha) 108 m3 % 108 m3 % 108 m3 %

Upstream CW 245,413 26.18 25.18 22.14 26.06 19.91 27.65
Middle CW 251,373 44.20 42.51 36.50 42.96 32.24 44.78

Downstream CW 194,130 33.60 32.31 26.33 30.99 19.85 27.57
Total 690,916 103.98 100.00 84.97 100.00 72.00 100.00

Table 3. WS change in the CW from 2000 to 2020.

Watershed 2000–2010 2010–2020 2000–2020
108 m3 % Predicate 108 m3 % Predicate 108 m3 % Predicate

Upstream CW −4.04 −15.44 NC −2.24 −10.09 NC −6.28 −3.97 NC
Middle CW −7.70 −17.42 NC −4.26 −11.66 NC −11.96 −27.05 D

Downstream CW −7.27 −21.63 NC −6.48 −24.61 D −13.75 −40.92 ED
Total −19.01 −18.28 NC −12.97 −15.27 NC −31.98 −30.76 D

ED = Extremely Decrease (<−40%); D = Decrease (−20–−40%); NC = No Change (−20–20%); I = Increase
(20–40%); EI = Extremely Increase (>40%).

The WS decline occurred in all sub-watersheds with varying declining levels (2000–
2010) and (2010–2020). From 2000–2010 the water discharge in the upstream, middle, and
downstream areas decreased by 15.44%, 17.42%, and 21.63%, respectively. Meanwhile,
in the 2010–2020 period, the decrease was smaller than in the 2000–2010 period, except
for the downstream water discharge. The water discharge in the upstream, middle, and
downstream areas decreased by 10.09%, 11.66%, and 24.61%, respectively.

Changes in WS based on watersheds/sub-watersheds (Table 3) show that: (a) in the
period 2000–2010, both on the watershed and sub-watershed scales, it is included in the
class no change (NC) and (b) in 2010–2020, it is included in the no change class, except
for the sub-watershed scales, where downstream CW belongs to the declining class (C);
meanwhile, in 2000–2020, changes to the watershed scale are shown and CW is decreased
(D), while at the sub-watershed scale, the upstream CW shows no change (NC), the middle
CW is decreased (D), and the downstream CW is included in the extreme change (EC) class.

The spatial distribution of WS in the CW in 2000, 2010, and 2020 is presented in Figure 4.
In 2000, the spatial pattern of WS capacity was dominated by the middle-class–high class.
The distribution of classes is mostly in the middle and downstream sub-watersheds. High
grade WS is in the southwest and low is in the northeast, and the upstream WS capacity is
strong at our location.

Meanwhile, in 2010, the spatial pattern of WS capacity was dominated by the middle
class–low class. In general, there appears to be a decline in the high class to the low, while
the middle class (in 2000) changes to the low WS class. This change mainly occurs in the
middle and downstream sub-watersheds.

In 2020, the spatial pattern of water product supply capacity was dominated by the
low class, around 70%, and the rest were in the middle class. No high-grade WS was found.
Low WS classes were found in the downstream and upstream sub-watersheds. In contrast,
the middle class was in the middle watershed area. The classes of changes in WS in the
period 2000–2010 and 2010–2020 are shown in Figure 5.
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Figure 5. Spatial distribution of WS change from in CW: (a) in the year 2000–2010, (b) in the year
2010–2020.

In 2000–2010 (Figure 5a), the class of no change/NC (green) was evenly distributed
across the three sub-watersheds, i.e., in the north-northwest (downstream CW), west-
southwest (middle CW), and east-southeast (upstream CW). Meanwhile, the ex-tremely
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decreased class (red) was found in the north (downstream CW), northeast east (middle
CW), and southeast (upstream CW). The existence of the change class no change was (55%),
decreased (28%), and extremely decreased (18%).

Changes that occurred in the 2010–2020 period (Figure 5b) indicated that there were
changes in additions and also subtractions for class changes, namely a decrease in class that
did not change by 30%, as well as an increase for ED (100%) and D (40%). This condi-tion
shows a more significant decline in WS compared to the period 2000–2010.

In Tables 3 and 4, the total WS availability in the CW shows a downward trend. In
2000, water availability was 103.98 × 108 m3, which decreased to 84.97 × 108 m3 in 2010,
and 72.00× 108 m3 in 2020. Within 20 years, the WY decreased by 31.98× 108 m3 or 30.75%.
The WS in 2000 was more significant than in 2010, and the WS in 2010 was greater than in
2020. More specifically, the change in the WS is presented in Figure 6.

Table 4. LULC, water supply, and rainfall in the CW from 2000 to 2020.

LULC Type
2000 2010 2020

Average
WSC *WS R * WSC * WS R * WSC * WS R * WSC *

mm mm mm mm mm mm

Shrubs 1838 2382 0.77 1779 2197 0.81 1511 2382 0.63 0.74
Dry Agriculture 1581 2280 0.69 1254 1855 0.68 1205 2280 0.53 0.63

Virgin Forest 1594 2450 0.65 1358 2231 0.61 1306 2450 0.53 0.60
Estate Crops Plantation 1609 2512 0.64 1359 2149 0.63 1099 2512 0.44 0.57

Paddy Field 1570 2426 0.65 1283 1999 0.64 965 2426 0.40 0.56
Plantation Forest 1414 2311 0.61 1160 2011 0.58 1045 2311 0.45 0.55
Settlement Area 1335 2011 0.66 1177 1688 0.70 1095 2011 0.54 0.64

Airport 824 1496 0.55 930 1466 0.63 895 1496 0.60 0.59
Fishpond 1254 3330 0.38 561 1294 0.43 845 3330 0.25 0.35

Lake 736 2660 0.28 893 2254 0.40 696 2660 0.26 0.31
Bare land 501 2187 0.23 512 1916 0.27 410 2187 0.19 0.23

* R = Rainfall * WSC = WS coefficient.
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Based on the dominance and distribution, the condition of the WS in 2000 (Figure 6a)
and 2010 (Figure 6b) was relatively the same, namely dominated by WS with medium
and high class, which were spread in the central part of CW and downstream CW areas.
Meanwhile, areas with relatively low water availability were located upstream of Citarum.

Considering the conditions in 2020 based on spatial distribution, WS in the CW
showed the dominance of the middle class (55%), low (25%), and high (20%). With a
high distribution class, WS was found in the central part of the Citarum sub-watershed,
pointedly at the west-northwest and southwest. Meanwhile, low WS was found in the
downstream Citarum sub-watershed (north) and upstream (southeast) Citarum areas. On
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the other hand, the middle-class WS was spread over most of the upstream, middle, and
downstream Citarum sub-watershed areas.

The InVEST model was validated using WY data published by [46]. When comparing
the WY data and the model, the results of linear regression analysis are obtained: coefficient
of determination (R2) = 0.7780, Pearson correlation coefficient (r) = 0.8825, and mean square
error (RMSE) = 0.7 with the regression equation Y = 0.8682x + 0.2798. When considering
LULC types, the results of the WY zone statistical tool show that the relationship between
LULC, WY, and rainfall varies by type of LULC (Table 4).

From 2000 to 2020, the average WY coefficient for vegetated land cover ranged from
0.55 to 0.74 (Table 4). Meanwhile, non-vegetated areas ranged from 0.23 (bare land) to
0.64 (settlement area). The coefficient of WY for shrubs has the highest ratio (0.74), while
plantation forest has the lowest ratio (0.55). From the perspective of WY per unit area, in
2020, the highest average WY for shrubs was 1511 mm/year. The second largest WY is
virgin forest (1306 mm/year), followed by dry agriculture (1333 mm/year) and plantation
(1205 mm/year). Based on the area and volume of water for each type of LULC, the
relationship presented in Table 5 can be analyzed. It shows water results: shrubs > virgin
forest > dry agricultural.

Table 5. The relationship between the LULC area and WS in the CW from 2000 to 2020.

LULC Type
2000 2010 2020 Change 2010–2020

Area WS Area WS Area WS Area WS
% % % % % % % %

Paddy Field 35.36 36.95 27.57 28.77 30.36 29.57 2.79 0.8
Dry Agriculture 24.56 25.84 30.95 31.57 28.56 35.05 −2.39 3.48
Plantation Forest 10.74 10.11 10.87 10.27 12.05 11.20 1.18 0.93
Settlement Area 9.18 8.15 11.57 11.08 12.65 11.27 1.08 0.19

Estate Crops Plantation 6.51 6.97 6.41 7.09 4.52 5.62 −1.89 −1.47
Virgin Forest 4.62 4.9 3.59 3.97 2.36 4.38 −1.23 0.41

Shrubs 2.6 3.18 2.57 3.72 3.63 1.19 1.06 −2.53
Fishpond 2.79 2.33 2.83 1.29 2.88 0 0.05 −1.29

Lake 2.26 1.11 2.26 1.64 2.26 1.29 0.00 0.00
Bare land 1.33 0.44 1.34 0.56 0.69 0.42 −0.65 −0.14
Airport 0.03 0.02 0.03 0.02 0.03 0.02 0.00 0.00

By monitoring the WS coefficient for the vegetated lands, the shrubs have the highest
ratio in 2000, 2010, and 2020 by 0.77, 0.81 and 0.63 of the coefficient value, respectively.
Then, the lowest is the plantation forest in 2000 and 2010 and the paddy field in 2020 by 0.61,
0.58 and 0.40, respectively. Meanwhile, regarding the coefficient ratio for the non-vegetated
areas, the settlement area had the highest ratio in 2000 and 2010 and the airport in 2020
by 0.66, 0.70 and 0.60 of the coefficient value, respectively. Conversely, the lowest WS
coefficient was the bare land in 2000, 2010 and 2020 by 0.23, 0.27 and 0.19, respectively.

In general, a large LULC area will result in high water production. The study area was
dominated by paddy fields (31.94%), dry agriculture (28.52%), plantation forest (11.05%),
and settlements (12.65%) in 2020. Meanwhile, based on water production, the study area
was dominated by dry agriculture (35.05%), paddy fields (29.57%), settlements (11.27%),
and plantation forests (11.20%). An analysis of LULC changes from 2010 to 2020 shows
an increase in paddy fields (2.79%), plantation forest (1.18%), settlement area (1.08%), and
shrubs (1.06%), respectively. On the other hand, the areas that experienced a decline were
dry agriculture (2.39%), estate crops plantation 1.089%), virgin forest (1.23%), and bare land
(0.65%). Meanwhile, an increase in water production occurred in almost all LULC areas,
except for estate crops plantations, shrubs, fishponds, and bare land.
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3.2. Spatial Patterns of WD

The total WD of the CW in 2020 increased by 21.91 × 108 m3 or approximately 81.66%
for 20 years (Tables 6 and 7). The total increase was about specifically from 26.83 × 108 m3

in 2000 to 33.00 × 108 m3 in 2010 to 48.74 × 108 m3 in 2020. In the same year, the WY of the
CW showed an extensive differentiation in space, with the unit WY: of upstream > middle
stream > downstream.

Table 6. WD in the CW in 2000, 2010, and 2020.

Watershed Area 2000 2010 2020
(ha) 108 m3 % 108 m3 % 108 m3 %

Upstream CW 245,413 10.16 37.87 13.04 39.50 18.27 37.48
Middle CW 251,373 8.81 32.84 11.17 33.84 16.41 33.67

Downstream CW 194,130 7.86 29.30 8.79 26.63 14.06 28.85
Total 690,916 26.83 100.00 33.00 100.00 48.74 100.00

Table 7. WD change in the CW from 2000 to 2020. The predicate * of each watershed is based on the
percentage change.

Watershed 2000–2010 2010–2020 2000–2020
108 m3 % Predicate 108 m3 % Predicate 108 m3 % Predicate

Upstream CW 2.88 28.35 I 5.23 40.11 EI 8.11 79.82 EI
Middle CW 2.36 26.79 I 5.24 46.91 EI 7.60 86.27 EI

Downstream CW 0.93 11.83 NC 5.27 59.95 EI 6.20 78.88 EI
Total 6.17 23.00 I 15.74 47.70 EI 21.91 81.66 EI

ED = Extremely Decrease (<−40%); D = Decrease (−20–−40%); NC = No Change (−20–20%); I = Increase
(20–40%); EI = Extremely Increase (>40%).

The increase in WD occurs in all sub-watersheds with varying rates of increase
(2000–2010) and (2010–2020). In 2000–2010, WD in the upstream, middle and downstream
areas increased by 28.35%, 26.79%, and 11.83%, respectively. Meanwhile, in the 2010–2020
period, there was also an increase with a greater value than in the 2000–2010 period. The
WD in the upstream, middle and downstream areas increased by 40.11%, 46.91%, and
59.95%, respectively.

Changes in WD based on watersheds/sub-watersheds (Table 6) show: (a) in the period
2000–2010, both on the watershed and sub-watershed scales included in the class, did not
change (NC), except for downstream CW classified as in the NC class, and (b) in the years
2001–2020 and 2010–2020 was included EI class. The spatial distribution of WYs in the CW
in 2000, 2010, and 2020 is shown in Figure 7.
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Referring to Figure 7a, in 2000, the spatial pattern of WD was dominated by the middle–
low class. The distribution of the low class was mostly in the middle and downstream
sub-watersheds. Meanwhile, medium water needs were almost found throughout the CW,
especially the middle and upstream CW.

Meanwhile, in 2010 (Figure 7b), the middle-high class dominated the spatial pattern
of water needs. In general, it can be seen that there was an increase in WD from the low
class to the middle class, while the middle class (in 2000) turned into the high class. Most
of these changes occurred in the middle and downstream sub-watersheds. Figure 7c shows
a relatively similar pattern that also occurred in 2020, where the value of the increase and
the distribution of the increase in WD became widespread. The class of changes in WD in
the period 2000–2010 and 2010–2020 is presented in Figure 8.
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Changes in WD that occurred in the 2010–2020 period (Figure 9b) indicate a class
shift, namely the addition to the increased class and a reduction to the unchanged class.
Class changes were dominated by the increased class, which reached 70% of the entire CW
area. Meanwhile, the NC class decreased (about 75%) to 19%, and the EI decreased to 10%.
This condition indicates that there was a significant increase in WD. Based on the area and
volume of WD for each type of LULC, the relationship can be analyzed and presented in
Table 8.
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Table 8. LULC and WD in the CW from 2000 to 2020.

LULC Type
2000 2010 2020 Average

Area WD Area WD Area WD Area WD
% % % % % % % %

Paddy Filed 35.36 59.22 27.57 45.03 30.36 49.50 2.79 4.47
Dry Agriculture 24.56 27.60 30.95 33.88 28.56 31.44 −2.38 −2.44
Plantation Forest 10.74 2.09 10.87 5.11 12.05 4.96 1.18 −0.15
Settlement Area 9.18 12.81 11.57 15.71 12.65 13.86 1.08 −1.85

Estate Crops Plantation 6.51 0.08 6.41 0.07 4.52 0.06 −1.89 −0.02
Virgin Forest 4.62 0.02 3.59 0.02 2.36 0.02 −1.23 0.00

Shrubs 2.60 0.02 2.57 0.02 3.63 0.01 1.06 −0.01
Fishpond 2.79 0.01 2.83 0.01 2.88 0.01 0.05 −0.00

Lake 2.26 0.09 2.26 0.09 2.26 0.09 0.00 −0.00
Bare land 1.33 0.02 1.34 0.02 0.69 0.01 −0.65 −0.00
Airport 0.03 0.05 0.03 0.05 0.03 0.04 −0.00 −0.00

In general, connections between large areas of LULC will require high water require-
ments, except in the settlement area. The study area was dominated by rice fields (31.94%),
dry agriculture (28.52%), plantation forests (11.05%), and settlements (12.65%) in 2020.
Meanwhile, based on water needs in each LULC, the study area was dominated by paddy
fields (49.50%), agriculture (31.34%), settlements (13.86%), and plantation forests (4.96%).
This is in line with the previous study [2,22], which stated that LULC such as agricultural
area, urban and industrial areas consumed the most water. Due to the large irrigated area
in Java Island, it consumed the most water to support the rice production [52].

Almost all LULC experienced a decrease in WD, except for the paddy field area. The
analysis of changes in LULC from 2010 to 2020 shows a successive increase in paddy fields
(2.79%), plantation forests (1.18%), settlements (1.08%), and shrubs (1.06%). While the areas
that experienced a decline were: dry agriculture (2.38%), estate crop plantations (1.08%),
virgin forest (1.23%), and vacant land (0.65%).
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Based on sub-districts area, water needs have a different pattern than water needs
based on watersheds and sub-watersheds (Figure 9). Based on the spatial distribution
of 2000–2010 (Figure 9a), the most dominant change class is no change (green) evenly
in the three sub-watersheds, namely in the north-northwest (downstream CW), west-
southwest (middle CW) and east-southeast (upstream CW). The decreased class is found in
downstream CW (brown). While the extreme increase class (dark blue) is found in middle
CW. There was a change in no change (80%), EI (13%), and D (7%).

In general, the WD in the CW area is relatively the same, namely the dominance of
water needs belonging to the middle class. In 2010 (Figure 9b), there was an increase in
the number of sub-districts belonging to the medium class and high class compared to
the initial condition in 2000 (Figure 9a). It was dominated by middle-class WD (50%) and
high-class (30%).

Areas with high WD were spread downstream, covering the north, northwest, and
northeast part of the CW and upstream in the south to southeast of the CW. Areas with
medium water needs were found throughout the CW. Meanwhile, the class of low WD was
found in the downstream (north) and central areas of CW. The condition of WD in 2020
shows an increase in the number of high-class countries, which occurred in the downstream
CW, while for the other two classes, it is relatively constant (Figure 9c).

3.3. The Imbalance between WS and WD

Based on the calculation of the InVEST model, fluctuations in the availability of supply
and demand for WY are presented in Table 9.

Table 9. Changes in supply and demand of WY service in the CW.

Sub-Watershed

Area 2000 2010 2020

(ha) WC *
108 m3 SDR WSI WC *

108 m3 SDR WSI WC *
108 m3 SDR WSI

Upstream CW 245,413 10.16 2.58 0.41 13.04 1.70 0.23 18.27 1.09 0.04
Middle CW 251,373 8.81 5.02 0.70 11.17 3.27 0.51 16.41 1.96 0.29

Downstream CW 194,130 7.86 4.27 0.63 8.79 3.00 0.48 14.06 1.41 0.15
Total 690,916 26.83 3.88 0.59 33.01 2.57 0.41 48.74 1.48 0.17

* WC = Water consumption.

The input of rainwater strongly influences the availability of water supply. Based on
research from [53], annual rainfall in the CW from 1981 to 2019 showed an increasing trend,
with dry years occurring in 1982, 1997, 2002, 2003, 2006, 2015, 2018, and 2019, with rainfall
in below 2500 mm/year and wet years occurring in 1992, 2001, 2010, 2013 and 2016, with
annual rainfall above 3500 mm/year. Nonetheless, as we found in this study, land use
and land cover change are the main factors in the imbalance between water supply and
demand in the CW.

The WSI value from 2000 to 2010 was relatively good, indicating that the available WS
can still meet water needs. The WSI value ranged from 0.04 to 0.07 in 2000–2020. The WSI
value ranged from 0.41 to 0.70 in 2000, from 0.23 to 0.51 in 2010, and from 0.04 to 0.29 in
2020. The condition of the WSI in 2020 indicated that the water had reached a critical level.

Based on the WSI value in the 2000–2010 period, the WSI value decreased by 0.18
(30.51%), while in the 2010–2020 period, it was 0.24 (58.54%). Compared to the initial
conditions in 2000, there was a WSI value hunter of 0.42 (71.19%) in 2020. In general, a
positive WSI value indicated no water deficit. A WSI value, slightly above one, indicates a
warning in managing water products to keep water resources sustainable. Further details
based on sub-districts area, the distribution pattern of WSI watersheds and sub-watersheds
can be found in Figure 10.
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Figure 10a shows that in 2000, almost all 166 counties (95.40%) of the CW had a WSI
value > 0, almost 74 sub-districts (43.10%) had a WSI value > 0.5, and areas with a WSI
value of less than 0 were only (8 counties) 4.60%. In 2000, the WS was very abundant
compared to the demand. While Figure 10b shows almost the same conditions as WSI
conditions in 2000, there was an addition of WSI < 0 (Downstream CW) and WSI greater
than 0 in around 162 counties (93.10%), consisting of WSI values 0–0.5 in around 124 (71,
26%) and WSI > 0.5 reduced to 38 counties (21.84%).

Referring to Figure 10c, areas experiencing water depletion (WSI < 0) reached 80 counties
(45.97%), namely in the downstream CW area (Karawang Regency and Bekasi Regency)
and upstream CW (Bandung Regency and West Bandung Regency). There are as many
as 94 sub-districts (54.02%). Of the areas that supply water, 19 sub-districts (Middle CW)
(10.92%) have WSI greater than 0.5. On the other hand, other areas scattered in the middle
and upstream of CW still look safe, namely surplus water (WSI > O).

3.4. Spatial Characteristics of Supply and Demand of WY Service

The spatial characteristics relationship between supply and demand for WY services
in the CW was analyzed using the Global Moran Index. The computation was performed
using the GeoDa software separately for 2000, 2010 to 2020 (Table 10 and Figure 11). This
software is an open-source and cross-platform desktop software program for spatial data
analysis. It is not a geographic information system, but it can be used for the visualization
and exploration of geospatial data.

Table 10. Global Moran’s I in the CW from 2000 to 2020.

Year Moran’s I Z Value p Value

2000 0.344 10.2678 0.001
2010 0.346 11.9778 0.001
2020 0.368 12.4305 0.001

Referring to Table 10, Global Moran’s I is 0.344 (in 2000), 0.346 (in 2010) and 0.368
(in 2020). The results yielded positive Z values, which are 10.2678, 11.9778, and 12.430 in
2000, 2010, and 2020, respectively, where all p values were 0.001. All variables passed the
significance test by 1%, indicating a significant spatial relationship between the availability
of supply and demand of water in the CW. The relatively similar Moran’s I value shows
that the spatial agglomeration of the influence of WS and WD in the CW from 2000 to 2020
shows a slight growth trend. The results of the bivariate local autocorrelation analysis are
presented in Figure 12.
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Figure 12. Spatial matching of supply and demand of WY service in the CW: (a) 2000, (b) 2010, and
(c) 2020.

It shows the supply and demand distribution pattern for water products in the CW,
which can be categorized into four types: (1) high–high (HH: high supply and high
demand), (2) low–low (LL: low supply and low demand), (3) low–high (LH: low supply
and high demand), and (4) high–low (HL: high supply and low demand).

Conditions in 2000, 2010, and 2020 are relatively the same. According to the distribution,
the dominant type of suitability in the supply and demand of water products is high–high
spatial suitability (16.09%), followed by low–low spatial suitability (13.79%), low–high spatial
suitability (18.16%), low–high spatial suitability (6.90%), and high–low spatial suitability
(6.90%). However, the area with a non-significant class reached about 62.07%.

Referring to Figure 12c, areas with high–high spatial matching are mainly distributed
in Middle CW (West Bandung Regency, Cianjur Regency) and downstream CW (Bekasi
Regency and Karawang Regency). The existence of this class reached 16.09% of the total
area or around 44.44% of the significant area.

4. Discussion
4.1. Spatial Patterns of WS and WD

CW has a WS of 103.98 × 108 m3/year in the year 2020, with a mean WS of roughly
935 mm/year. These results are consistent with published data [46,54], which shows that
the WS at the CW was 129.51× 108 m3/year, and the mean WS was 994 mm/year. Spatially,
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the higher WS was distributed in the middle and the southwest of the CW (Figure 4).
This pattern is similar to the pattern of annual rainfall in the study area (Figure 2b), in
which the high rainfall was found in the middle and the southwest of the CW. Previous
studies reported that the spatial pattern of WY within the watershed is mainly influenced
by precipitation [55,56]. Using a correlation analysis, ref. [57] found that precipitation has
the strongest correlation to WS. Thus, the area with higher precipitation tended to have
higher WS.

The spatial distribution pattern and magnitude of the WS from the modelling outcomes
are comparable to [26]. Apart from that, the WS value in this study is lower than the
previous result. Referring to Patuha’s research by [26], the WS in Citarum (935.26–1079.27)
is lower compared to the WS in the Patuha Mountains area, Bandung Regency, West Java
(2163 mm/year), which has the same climatic conditions.

As referred to in [58], the WS coefficient is the ratio between WS and rainfall per
hectare for each type of LULC. The WS coefficient indicates the amount of WS converted
from precipitation, considering evapotranspiration, degree of saturation, and infiltration.

Depending on the kind of land use, the WS coefficient values in the CW ranged from
0.00 to 0.76 and from 0.39 to 0.64 for each watershed. This coefficient is very similar to the
Liang study results in the Qinghai Watershed, China [59], which are 0.00–0.82. However,
there are variations depending on the land cover type. In the CW, vegetation regions have
a higher yield coefficient value than bare ground and populated areas.

The problem of findings of different WS coefficients was identified by [60]. They
discovered that research based on catchment regions with limited control makes it im-
possible to regulate changes in LULC and that the association between LULC and water
resources is complex and challenging to forecast. According to [61], in addition to soil
texture, surface runoff depth, stakeholders’ interests, and stream order, LULC is the most
important characteristic to consider while studying WS.

The simulation results of land cover alteration in WS in the CW showed that WS
reduction is affected by deforestation. According to [61], forest loss results in a reduction
in the forest’s function, manifested by higher river flow fluctuations throughout the dry
and wet seasons or heavier currents, increased floods, and reduced reservoir capacity due
to increased sedimentation. Previous authors [62] discovered that reduction in WS due to
deforestation is consistent with studies conducted in the CW, where deforestation has been
shown to lower discharge, significantly increase runoff coefficients, and decrease low flow
during the dry season.

As shown in [63], the impact of LULC on surface runoff in urbanized tropical wa-
tersheds (Brantas, East Java) using the SWAT tool was able to explain InVEST model
limitations (that is, it cannot distinguish between water, subsurface water, and flow). The
study found that increased urbanization and reduced forest cover resulted in moderate
changes in long-term runoff (+8%), WS (+0.28%), reduced groundwater (−1.8%), and
evapotranspiration (−1.15%).

Annual WS depends on the main land use types. WS’s primary performance is
agricultural land > grassland > forest, following the results acquired by [64], which explains
that plants need to consume large amounts of water for every plant growth process.
Furthermore, they also function as water conservators. At the same time, plant branches
and leaves have interception and transpiration effects on rainfall, prolonging the WS time
to a certain extent and providing certain conditions for evaporation [65]. The effect of
changing LULC on hydrological regimes is a complicated procedure, with different effects
relying on land use, the size of the affected area, and the location of the landscape [66].

Referring to the research of [67], the relationship between forest cover and rainfall
with WS on the micro and mesoscale is not related. On the other hand, there is a relatively
high correlation coefficient (r = 0.77, p < 0.05) between forest cover and WS on a global scale.
The analysis results show that deforestation in regional watersheds causes an increase in
high discharge and flooding in the rainy season. On the other hand, it causes a worsening
of the dry season flow. The spatial scale of the watershed plays a vital role in determining
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the hydrological impact of forest cover for long-term studies [67]. Forests with high
canopy have a higher evapotranspiration capacity than those with sparse canopy forest
and scrub [68], so newly reforested land or areas with sparse forest may have a higher WS
coefficient than existing agricultural land with year-round cultivation. WS in waterbody
areas (paddy fields and ponds) is the lowest because natural rainfall quickly runs off the
site or vaporizes severely in lakes.

Table 6 shows that in the period 2000–2010 and 2010–2020, there was an average
increase in WD by an average of 1.83% and 1.53%, respectively. This condition has been
predicted by the study [15], in which the simulation results assume that if the population
growth is 2.21% and there is no change in sectoral WD and also no increase in the agricul-
tural area, the WD in Citarum SWS will increase by 0.55% per year. In the initial conditions
(2003), the WD is 5220.16 × 106 m3/year, and in 2055 it will be 6708.65 × 106 m3/year.
The increase in WD for 52 years is 1488.49 × 106 m3/year (28.51%). The rate of increase
in WD is 0.55% per year. Meanwhile, the results of research on water needs in Jakarta for
the 2016–2020 period [69] Jakarta experienced an increase in WD by 0.30 × 108 m3/year
or 0.49% per year. In 2016 WD was 12.21 × 108 m3/year and 12.51 × 108 m3/year in 2020.
Domestic demand averaged 61.5% of total demand, with commercial demand accounting
for 35.5%. Domestic demand accounts for 61 to 62% of total demand, with a volume of
7.48 × 108 m3 in 2016 and 7.69 × 108 m3 in 2020.

A beneficiary area is a sub-catchment that cannot meet the real water demand with
its water supply and must be supplemented by an upstream sub-catchment; conversely, a
water supply area is designated. The agricultural water, industrial water, home water (rural
and urban people), and livestock water were the key components of the water demand
service model [49].

Research on WD in Bogor by [70] shows a trend of decreasing WS in Bogor by around
0.6% per year, while there is a trend of increasing WD by 1.7% per year. The dominant
increase in demand for water is domestic demand by 48%. Based on the supply and demand
ratio, water adequacy in Bogor for the 2009–2019 period is still sufficient. Referring to [71],
in 2014, in the Bandung watershed area, the need for water for households, industrial and
irrigation purposes in the greater Bandung area was estimated at 17.6 billion m3 per year.
WD is expected to increase from 1 to 1.7% per year. The water needs that can be met by
surface WS is around 50%, while groundwater sources will cover the rest.

Water yield service is spatially heterogeneous. It is helpful to maximize ecosystem
services by analyzing the differences in water yield service under various land cover
types [72]. Land cover factors and climate change are important factors in planning and
managing the Upper CW infrastructure. In more detail, it is explained by [2,52,73,74] that
the phenomena decreased WS and increased WD as the percentage of farmland, population
density, and forestland increased. This significantly impacts the water criticality index in
the CW. Meanwhile, [75] stated that anthropogenic and climate change combinations could
result in a steep decline in discharge in the upper CW.

Changes in land use (settlements increase and forest area decreases) affect irrigation
water availability, which is influenced by land use changes. The findings of Tarigan’s
research in the Citarum watershed show that the increase in residential areas and decrease in
forest areas has an impact by (a) decreasing reservoir storage capacity due to sedimentation
and (b) decreasing watershed storage capacity (hydrological function) during the dry
season [62].

4.2. The Imbalance between WS and WD

In this study, it was found that in different periods, an area has different WSI values.
In the upstream area, which is a water-producing area, some counties have a WSI value of
less than 0. On the other hand, in the downstream region, several counties have a higher
WSI value, especially in 2000 and 2010. This shows the excess and shortage of water. It
does not only depend on natural geographical conditions but is primarily related to the
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pattern and condition of regional economic development. This finding is in line with the
research results of [76–78].

Water scarcity not only caused by natural factors but also unnatural factors such as the
growth of populations and industries, which increases regional water demand [76]. This
unnatural factor becomes a major problem in many countries and regions, triggering social
conflict [77]. In the context of rapid socio-economic development, the gap between water
demand and supply has become more intense because water has become a bottleneck for
sustainable development [78].

The CW WSI from 2000 to 2020 maintains a spatial pattern of highs and lows in the
southwest and northeast, respectively (Figure 11). The middle and downstream regions
maintain a high level of WSI. This condition is influenced by nature and society, the
WD in the middle and lower regions is greater than the WS, which is in a condition of
water shortage, and the deficit scope is increasing. Figure 11c shows that in 2020, the WD
upstream and downstream was not being met.

Referring to Figure 11c, the area experiencing water depletion reached 25% in the
downstream CW area (Karawang Regency and Bekasi Regency) and upstream CW (Ban-
dung Regency, Bandung City, and West Bandung Regency). While other areas still looked
safe (water surplus), some areas experienced a water surplus of WSI 0.0–0.5 (light green).
The results of the overlay on the WSI map with the LULC map and the administrative
map show that areas with a water deficit and areas with a water surplus with a WSI of
0.0–0.5 are areas with a high population density and are also industrial areas. The increase
in population by about 12.5% compared to the conditions in 2000 led to a rise in WD, which
was 27.91 × 108 m3 or 81.66% in 20 years (4.09% per year).

Referring to Figure 11, the number of sub-districts experiencing water shortages in
2000, 2010, and 2020 were 8, 12, and 80, respectively. This condition shows that there
is an increasing trend in areas experiencing a water deficit. The WSI value decreased
from 2000 to 2010 and from 2010 to 2020. The decrease in WSI is due to rapid population
growth, increasing human WD, and increasing consumption for agricultural activities due
to an increase in land area. The impact of the economy and infrastructure development
is growing, resulting in changes in LULC, causing a decrease in WS and an increase in
WD. This finding is reinforced by the research that land use change causes unequal water
resource distribution, WS and WD imbalances, and other problems, severely limiting
sustainable development [79].

Changes in land cover patterns, where there is a decrease in the amount of forest and
an increase in the agricultural area and urban areas, cause the decline in WSI, due to an
increase in WD. Referring to research [24], in the Citarum area, the impact of changes in
Citarum in the 2006–2018 period resulted in a decrease in WY (WS) by 10.29–12.96%. This
decrease in the WS is due to a reduction in the extent of the rice fields 4%, virgin forests
23.75%, and land used for plantations 2.38%. In contrast, settlement areas had grown
13.84%, dryland agriculture 20.40%, and mixed dryland agriculture 12.26%.

Broer’s research in the Citarum area found that in 2020, in the scenario of no climate
change and if the rate of water withdrawal from river flows is limited to 10% of the
average annual flow (it will directly meet the WD), all sub-districts in the CW, especially
downstream in a number of sub-districts in Karawang, Bekasi, and Purwakarta, will
experience water deficit problems and will not be able to meet their needs. The water
deficit in these sub-districts will reach more than 60 m3 per year. Further analysis shows
that if water intake increases by 10%, accompanied by an increase in rainfall by 10–20%,
it will not significantly change the status of the water deficit in the CW. The sub-districts
will still experience a deficit [14]. In more detail, if there is an increase in water intake from
river flows, it is limited to 20% of the average annual flow (it will directly reduce WD). It
is found that in all sub-districts in the CW area, the status of the water balance in several
sub-districts in Sukabumi Regency and central Purwakarta will be surplus [14].

Referring to Hatmoko’s research, the water security score in West Java belongs to the
“capable” class (score 3). Meanwhile, Ciliwung Cisadane and Citarum were “engaged”
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(score 2). Both watersheds suffer from “dangerous” environmental water security because
of the shortage of water allocated for environmental purposes [80]. Juwana’s research
(2020) on the water sustainability index shows that all conditions of water resources in the
CW are considered poor [81].

This finding is in line with the results of Hasbiah and Kurniasih’s research conducted
in one of the areas in the CW, namely the city of Bandung. The results showed that the
impact of population growth and development activities increases water consumption in
Bandung. Regional drinking water company (Perusahaan Daerah Air Minum, PDAM) Kota
Bandung only served 73.13% of the total population in 2017. In more detail, concerning the
results of the projected water needs, the City of Bandung will experience a water deficit
in 2034. The City of Bandung will not be able to meet the projected WD if it does not
manage its WS and WD properly [82]. Meanwhile, according to [83], water management is
a complex issue.

4.3. Spatial Characteristic of Supply and Demand of WY Service

As shown in Table 9 and Figure 12, all variables passed the 1% significance test,
indicating a significant spatial relationship between WS availability and demand in the CW
and spatial agglomeration. The spatial distribution of watershed-level spatial relationships
is not random but clustering [56], and the larger the Global Moran index value the more
vital it is to cluster [6]. The Global Moran’s I scores, which are relatively the same, show
that the spatial agglomeration of WS and WD relationships in the CW from 2000 to 2020
shows a slight growth trend.

Figure 10 shows the spatial distribution showing the role of the location at the local
level. The LISA cluster map shows information about the importance of local spatial
patterns [18]; this study is dominated by high–high class. The pattern of high–high and
low–low relationships is a pattern of sustainable use of resources. When the resource is still
high, the utilization tends to be excessive, while conversely, when the resource has been
reduced, the utilization tends to be more efficient. This finding is corroborated by research
in the Wei River Basin, which explains that the relationship between supply and demand
was influenced by local characteristics, dominated by the class farmland and grassland [6].

Research on WD in Bogor shows that there is a trend of decreasing WS in Bogor by
around 0.6% per year, while there is a trend of increasing WD by 1.7% per year. The
dominant increase in demand for water is domestic demand by 48%. Based on the supply
and demand ratio, water adequacy in Bogor for the 2009–2019 period is still sufficient.
Based on the supply–demand ratio and ESS spatial matching, the supply–demand state
of WY in the study area can be identified. There are three types: supply–demand balance,
surplus, and deficit. Simultaneously, four types of areas, namely, low supply–high demand,
high supply–high demand, low supply–low demand, and high supply–low demand, were
also identified [70].

Upstream CW requires appropriate land use policies, i.e., restrain the increasing
trend of land use change and develop more alternatives to increase the capacity of WS
systems [75]. To reduce the impact of water-related hazards in the future, good land
use and water resource management, good infrastructure operations and maintenance,
climate forecasting, hazard mitigation, and dissemination of information are considered
necessary [84].

Although it is only based on WY services, it can already be used as an ESS indicator.
Referring to the results of supply–demand matching for water production services, we propose
that the CW area is divided into conservation areas (high supply-low demand), restoration
(low supply-high demand), and improvement (low supply-low demand) (Table 11).
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Table 11. Management strategies and actions of the CW management.

Supply–
Demand

Matching Type

Supply–
Demand

Matching Type

Zone
Management

Regency and
Sub-District Planning Recommendations

Surplus
High
supply-low
demand

Conservation
area

Upstream CW: Bandung Regency
(1 sub-district) and West Bandung Regency
(1 sub-district)

Strict ecological protection policy,
efforts to maintain the supply
capacity of water production
services in the area, and maintain the
ecological quality do not decline.

Deficit
High
supply-high
demand

Upstream CW: Bandung Regency
(2 sub-districts), West Bandung Regency
(6 sub-districts) Downstream CW: Bekasi
Regency (2 sub-districts), Bogor Regency
(4 sub-districts), Cianjur Regency
(7 sub-districts), Karawang Regency Middle
CW: Purwakarta (2 sub-districts)

Deficit
Low
supply-high
demand

Restoration area

Upstream CW: Bandung Regency
(1 sub-district) and West Bandung
(1 sub-district) Downstream CW: Bekasi
Regency (3 sub-districts), Bogor Regency
(1 sub-district), Karawang Regency
(3 sub-districts) Middle CW: Cianjur Regency
(3 sub-districts), Purwakarta Regency
(1 sub-district)

Socialization and community
empowerment in strict water-saving
efforts throughout the community;
planting and reforestation of open
areas; and control of watertight areas
of newly added construction sites.

Deficit
Low
supply-low
demand

Improvement
area

Downstream CW: Bandung City (23
sub-districts)

Establish ecological control
guidelines that focus on protecting
water resources based on a
socio-ecological approach,
strengthening ecological protection
and restoration strategies; utilization
of engineering technology for
ecological management of the main
water system (Citarum and Ciliwung
river).

This study provides a reference for formulating appropriate planning recommenda-
tions [8]. Referring to [82], efforts to improve the performance of water resources in the
CW area need to be improved so that the final index can increase from 20.04 to a minimum
of 37.19.

5. Conclusions

The results showed that between 2000–2010 and 2010–2020, the WS decreased by
19.01 × 108 m3 (18.28%) and 12.97 × 108 m3 (15.27%), respectively. However, the WD in the
same period increased by 6.17 × 108 m3 (23%) and 15.74 × 108 m3 (47%), respectively. Over
the decades, the contribution of LULC has changed to variations in WS values ranging
from 2.87 to 6.37%. Analysis of the water supply–demand imbalance indicated that the
entire CW experienced water shortage, and the type of spatial matching for supply and
demand is dominated by a high supply and high demand class (16.09% of the total area).
Based on the level of water deficit calculation, the upstream and downstream areas were
identified as zones that require ecological conservation, while the middle CW area requires
ecological restoration or ecological improvement.

In evaluating the spatial pattern of WS and demand in the CW, we used the InVEST
Model and the ArcGIS spatial analysis module to evaluate the supply–demand relationship
and test the supply–demand fit of WY with the supply–demand index, SDI. The study’s
findings point to inconsistencies in WS and demand, culminating in spatial incompat-
ibilities and imbalances in both supply and demand. The potential for elevated WS is
distributed throughout the middle and upstream. This change in the WS is primarily due
to LULC changes resulting from human activities such as unreasonable land use conver-
sion, industrialization, and urbanization. Our findings also suggest that WD should be
considered when evaluating WY services.
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